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Air samples versus biomarkers for epidemiology
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Background: It has been speculated on theoretical grounds that biemarkers are superior surrogates for
chemical exposures to air somples in epidemiclogy studies.

Methods ond Results: Biomarkers were dassified according to their posifion in the exposure-disease
corinuum —that s, parent compound, reactive intermediate, stable metabolite, macromoleculor adduct,
or measure of cellulor domoge. Becouse airborne exposures and these different biomarkers are fime series
that vary within and between persons in o population, they are ol prone to measurement error effects
when used os surrogates for frue chemicol exposures. #t was shown thot the attenuation bios in the
estimated slope characterising o log exposure-log disease relotion should decrecse as the within- to
between-person varionce rofio of o given set of air or biomarker measurements decreases. To gauge the
magnitudes of these variance ratios, a datobase of 12 077 repeated observations was constructed from
127 datasets, incuding air and biclogical measurements from sither occupational or envirenmental
seftings. The within- and between-person variance components [in log scole, after controlling for fixed
effects of time} and the corresponding voriance ratios for each set of air and biomarker measurements
were esfimated. It was shown thot estimated variance rafios of biomarkers decreased in the order short
term [residence fime < 2 days) > intermedicie term {2 doys << residence time < 2 months] > long term
biomarkers {residence fime >72 months), Overall, biomarkers had smdller varionce rofios than oir
measurements, particularly in environmental sefiings. This suggests that o typical biomarker would provide
a less biasing surrogote for exposure than would o typicol air measurement.

Conclusion: Epidemiologists are encouraged to consider the magnitudes of variance ratios, along with
other factors reloted 1o practicality and cost, in choosing among candidate surrogate mecsures of
exposure.

Appendices are available
on the OFM website
{hh‘p / Jeovrw occenvmed.
com/ supplemental]
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major goal of occupational and environmental epide- biomarkers of exposure, of effect, and of susceptibility. Examples
miology is to establish quantitative relationships of biomarkers of exposure include volatile organic com-
b between exposures (o toxic chemicals and the asso- pounds in breath, heavy metals in blood or urine, urinary

ciated risks of disease. Most studies have considered airborne
exposures, where inhalation was the primary route of entry
of the contaminant into the body. Investigators collected air
samples 0 estimate concentrations inhaled by members of
occupational groups or by the general population. Steady
rechnological advances over the last 30 years have made it
possible to coliect large nmumbers of air measurements and
thereby to reduce uncertainties in quantifying levels of
exposure. Although the anticipated gains in sample size have
not materialised,’ * the technology currently exists to conduct
longitudinal studies of health effects from chemical expo-
sures.

Biological monitoring has been increasingly viewed as a
desirable alternative to air sampling for characterising
occupational and environmental exposures. (Here we use
the termm “environmental exposures” to refer to chemical
exposures in indoor and outdoor settings not associated with
workplaces.}) This technique utilises biological specimens,
especially breath, urine, and blood, tw quantify levels of
contaminants or their products in the body.”* Biological
monitoring is theoretically desirable because it accounts for
all possible exposure routes {for example, inhalation, inges-
tion, and dermal contact), it covers unexpected or accidental
exposures, and it reflects interindividual differences in

uptake or genetic susceptibility.””

The endpoint of biological monitoring is often referred to
as a biomarker, defined by the US National Research Council
(NRC) as “...

a change induced by a contaminant in the
wlar components of a process, structure or
’mmunn thar can be measured in a biological system™.® The
NRC divided biomarkers into three categories, namely,
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metabolites of organic compounds, and adducts of genotoxic
chemicals with haemoglobin or albumin. Biomarkers of
effect represent early preclinical changes thought to be
related to health risk or damage. Examples include DNA
adducts of genotoxic chemicals, specific gene mutations such
as  hypoxanthine-guanine  phosphoribosyl {(HPRT),
changes in serum proteins indicative of altered metabolism
or function, and cytogenetic changes in peripheral lympho-
cytes, including chromosome aberrations and sister chroma-
tid exchanges (5CEs). Finally, biomarkers of susceptibility
relate to an individual's inherited or acquired ability 1o
respond to a hazardous substance. Single nucleotide poly-
morphisms {(SNPs) of important phase-{ enzymes (generally
bioactivating enzymes such as cytochrome P450} anud phase-
11 enzymes (generally deactivating enzymes, such as glu-
tathione-S-transferases or epoxide hydrolases) are often
regarded as biomarkers of susceptibility.””

The relationship between exposure (o a toxic substance and
the many possible biomarkers is shown in fig 1, using a
genotoxic carcinogen to illustrare the functional elements. '™
Processes leading to chronic diseases other than cancer can
be described by similar schemes. The input o the model is
{Xy}, representing the time series of n discrete exposures o
the carcinogen (j =1, 2, ..., 1} {each averaged over time unit,
Aty, received by the P person in a population. The
subsequent time series {Pu}, {Ryh, { My}, {{(RY)y} and {Dy}
reprf's‘f‘m the corresponding time series of biomarkers (1o he

the body via
h

I must first be absorbed into
inhalation at rate ky; (designated as the nplako rate for the
person). In some instances, the substance is intrinsically
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EXPOSURE BURDEN DAMAGE
Uptake  Bioactivation — Adduction Cell damage
ko ko, ky ke
x,) ) ®,) (R}, 0,
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o

Detoxification

Repair and cell turnover

Figum 1 Kinetic processes relating exposure to o carcmogen with
various biomarkers in an exposed pmpulahon Each process is
represented by o hme serias of levels {in brackets] observed in the
person after the [ fime interval. {X it is Thﬂ- series of xposures, {P}isthe
series of the p::zrem compound in the bt‘dy {Ry} is the series of o renictive
carcinogen, {M;} is the series of o stable nﬂembclife {{RY},} is the serfes
of o DNA aéduc? and {Dy} is the series of dczr‘r'czgeci cells; kg — ks
represent rate constants for the various Processes.

clectrophilic and capabile of reacting with DNA and proteins.
However, most cancer causing chemicals must first be
metabolically activated to electrophiles. Thus, in fig 1, "’:Fij}
refers to the levels of the parent compound, while {Ry}
represents levels of the electrophile. The relative amounts of
Py and Ry, at any time, depend on competing rates of passive
nination of the parent compound {designated ky;, includ-
ing excretion in breath and urine), of metabolic bioactivation
of Py to Ry (designated ky), and of detoxification of Ry
(desﬂmafd ks;) giving rise 1o a stable metabolite My,
excreted af rate Kgi. A fraction of Ry reacts al rate ky with
DNA to produce a DNA adduct {RY)y, where Y representis a
DNA base. In fig |, molecular damage is represented as the
series of adduct levels {(RY ;U,‘, at different times. Most cells
contain repair systems that remove DNA adducts and thereby
protect the tissue from long term damage. Thus, the amount
of (RY); depends on the relative rates of BNA adduction
{that is, ky;) and repair {designated ks;). Cellular damage is
represented by the series representing damaged cells {Dy},
which depends on the rates of cell damage {given by k), and
repair and/or cell turnover {at rate k4;). The magnitude of an
individual’s risk of cancer ultimately relates to the integration
of Dy over time, relative 1o some period of latency, and to his
or her susceptibility as determined by genetic, physiological,
metabolic, and lifestyle factors. Note that the rate constants
kos — kg; are assumed to be constant for the 7 individual but
to vary across the populaton.

In the context of the NRC’s definitions of biomarkers, {P;},
{ Rﬁ} and {My} would be biomarkers of exposure, while

{{RY)} and {Dy} would be biomarkers of effect. Note that
blomarkers of susceptibility would be measures of the
variability of some rate constants (particularly ky — Ky
across the population {(analogous to effect modifiers).

rogressing from left to right in fig 1, each successive

biomarker resides closer to the ultimare disease endpoint and
theoretically becomes a more relevant measure of exposure
for an epidemiological study than does the series of air levels
{Xg}. But, on the other hand, biological specimens can be
mwre difficult to obtain and analyse than air measurements;
and the particular time series of biomarker levels can be
highly autocorrelated when the sampling time interval is
shorter than the residence time of a biomarker, thereby
adding complexity to the collection and interpretation of
data. Also, in moving to the RY and D compariments,
biomarkers become increasingly non-specific and subjec
confounding by other agents. For example, N -ethenogua-
nine, a DNA adduct, can be produced either by exposure to
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ethylene or ethylene oxide, or by endogenous processes;™
likewise, chromosome aberrations can arise from a plethora
of chemical agents as well as from ionising radiation and
reactive oxygen species.’”” ®

Although the above cdlassification offers certain insights
into the potential roles of biomarkers in the exposure-disease
continuwm, it does not differentiate with veoavd to the
magnitudes of the key kinetic paramerers
variation in biomarker levels over time—ithat is,
constants kyy, ksi Ksi, koy, and kg, each with units
For example, the day-to-day fluctuations in lev
parent compound {Py} would be much greater for a volatile
orgamc compound (large ky;) than for a heavy metal (small

To consider the role that the persistence of the
biomarker might play on its utility as a surrogate for
exposure, it is useful to determine the in vivo residence time
of each biomarker in the relevant compartment {that is, 1/k;,
ks Uks;, Vg, or kg in fig 1), Here we arbitrarily assign
biomarkers into three categories, namely, short ferm biomar-
kers with residence time <2 days, infermediate term biomarkers
with 2 days < residence time <2 months, and long ferm
bigmarkers with residence time >2 months. Under this
classification scheme, short term biomarkers persist over
time scales of one day to one week, intermediate term
biomarkers over weeks to months, and long term biomarkers
OVer IMon .

Aside from theoretical and practical considerations regard-
ing the choice of air samples or biomarkers as surrogate
measures of exposure, both air and biomarker concentrations
vary within and between persons, thus giving rise o
measurement error effects that can bias the estimation of
exposure-response relationships. Indeed, the magnitudes of
atteniuation bias can differ among a given ser of candidate
biomarkers derived from the same chemical due o differ-
ences in residence time, specificity, etc. Thus, it is an open
guestion whether a particular biomarker would be a more or
less hiasing surrogate for exposure than the corresponding air
measurements.

The purpose of the present study is to consider the biasing
potential of air and biomarker measurements in terms of
attenuation in the estimated slope of a hypothetical log
exposure-log response relationship. As will be shown, the
biasing potential of each measure—that is, {Xyk {Pyh, {Ryl
{Mgr {{RY)yh or {Dy} in fig |, relates to its within- and
between-person variance components. Thus, we compile data
from occupational and environmental studies that obtained
repeated measurements of both air and biological levels from
representative persons. Then, we estimate the within- and
between-person variance components of air and bislogical
measuremenis for each study population, after controlling
{when necessary) for particular fixed effects of time. Next,
we compare these estimated variance componenis for air
samples and for hiomarkers classified by residence time
{short term, intermediate term, and long term). Finally, we
consider the biasing potential of each surrogate measure for
estimating a hypothetical exposure-response relationship and
comment on strategies for assessing exposures in epidemio-
logical studies

d

METHODS

Compilation of the dotabase

The database was compiled from published and unpublished
longitudinal studies involving air measurements and/or
biomarkers; these studies are surmmarised in Appendices A
and B, for envirommental and occupational populations,
respectively (see OFM website: hitp:/fwww.occenvmed.comy/
supplemental}. Because studies were dissimilar in terms of
numbers of subjects and numbers of measurements per
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subject, only studies having a st five subjects with at least
two repeated measurements per subject were included in the
database, and subjects with single measurements were
excluded. Particular attention was paid to data from studies
containing repeated measurements of both air levels and
hiomarkers in a given population. However, due to the
paucity of longitudinal studies inwvolving biomarkers, we
included some additional sets of biomarker data even when
there were no corresponding air measurements. Because
inhalation was the primary route of exposure in most studies,
personal-air or breathing-zone samples were used. Since we
interested in  exposures obtained during normal
circumstances, data collected in response to an accidental
release or other unusual exposure event were excluded. All
data were expressed in the same concentration units as in the
ariginal studies. For reference. we point to the compilations
of air measurements by Kromhout and colleagues” and
biomarker measurements by Symanski and Greeson.’ All
human data obtained from non-published sources had been
obtained with subjects” informed consent under protocols
approved by the University of Californda, Berkeley and the
University of North Carolina.

Estimation of varionce components

Between- and within-person variance components were
estimated using mixed-effects linear models, afrer nataral
logarithmic transformation of the air or biomarker measure-
ments to achieve approximate normality and homogeneity of
variances, and after adjustment for particular thme effects.
The following model was used:

Yy =1n(Xy) = 1o +7(6) + B + ey (1)

for the /™ of #; observations on the i

J‘:lr Zr e, My 0 1

subject (f=1,2, ..., k;
2), where X is the (air or biomarker)
concentration, Yy is the natural logarithm of Xy, 3, is the
intercept. ¥5(6) represents the fived time effect (that is, for
season, weekday, or linear trend), fi; is the random effect for
the M person, and ¢, is the random-error effect for the /7
observation on the i person. Here, fi; ~ N{Q, gﬁ}, €~ N{O,
o-ﬁ/), 15;} independent of {¢;}, and Cov{e,, g4) = gﬁ, oy for all
757, The variances g% and gﬁ/ represent, respectively, the
between- and within-person variance components.

The estimates of 0123 and ai {designated as 5% and aﬁlb, are
compiled in Appendices C and D, for environmental and
occupational settings, respeciively {see OFM website: hitp:/
WIWW.0CC >d.comy/supplemental). Following Rappaport.’
fold-ranges of variation between- and within-persons were
also estimated, for illustration purposes, as the ratio of the
97.5™ centile to the 2.5™ centile of the appropriate lognormal
distribution (Xj; for air measurements and Py, Ry, (RY);; or
5 for biomarker Measurernents); that is,
sRoos = exp(3.926§) and ,Rpos = exp(3.926ﬁ;) denote the
estimated between-person fold-range and the estimated
within-person fold-range, respectively.

Covariance structures
Compound symmetry (CS) was adopted as the default
covariance-matrix structure to estimate 012,3 and aﬁ/ under
Model (1) using restricted maximum likelihood (REML).
Under CS, it is assumed that the subjects are independent of
one another and that the correlation between the /7 and j'

th

observations on the i subject equals (the

___“B
(o% +o3)
intraclass correlation). However, in some situations, it
was anticipated that the correlation between measurements
from the same person would decrease as the number of
time intervals between observations increased. Such an
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autocorrelation struciure would be appropriate when Al is
shorter than the residence time of the biomarker, as might be
commmon for intermediate and long term biomarkers. To
identify datasets containing significant autocorrelation, an
exponential {EXP) covariance structure was also considered,
based on the biomarker residence time, the intervals between
measurements, and the average number of repeated observa-
tions per person (5;=3). For an EXP covariance structure,
py = exp (— it for all j5, where £; and f; are the times
(the same for all subjects) at which the & apd j'®
measurements were faken. When measurements are taken
at the same equally space times for all subjects, then BXP
sitnplifies to the first-order autoregressive AR (1) covariance
struciure, where o = pV_f‘I with p= e~ ?. Akaike’s informa-
tion criteria (AIC) and Schwarz’s Bayesian information
criterion (BIC) were wsed to compare CS and EXP under
Model {1} to choose an appropriate covariance siructure; C5
was chosen unless both AIC and BIC were smaller for EXP
than for CS. Appendices C and D list all situations in which
EXP was used, rather than €S, o estimate variance
components {see OFM website: hitp//www.occenvimed.comy/
supplemental).

Fixed time effects

Given a database consisting of studies ranging in duration
from days to years, ii was not uncommon o observe
situations where average exposure levels changed system-
atically over time. We considered three types of time effects
via 5(6) in Model (1), namely, seasonal effects (studies of at
least 6 months), weekday effects (studies of less than
6 months}, and linear trends {all studies). Time effects were
identified graphically using scatter plots of the raw data, and
were then confirmed statistically via likelihood ratio tests
comparing Model (1) with and without the 'y,](tj) component.
If no significant time effects were founud, variance compo-
nents were esiimated after removing () from Model (1),
To avoid overfitting the model, only a single time effect was
used.

If not explicitly specified in Model {1}, a missing fixed time
effect would tend to exert its biasing influence by increasing
the estimate of afv and reducing the estimate of g'g,;g To
gauge the magnitude of such biases on estimation of variance
components, whenever a significant tme effect was
agbserved, Model (1) was applied 1o the dataset with and
without ¥(8) and the estimates of o2 and o2 were
compared.

Bias in estimaling exposure-disease relationships

‘We designate the ratio of g'zw 0 012; as the variance ratio

(A= oﬁ, /aﬁ) This variance ratio (&) can be used 1o eval
attenuationn bias when estimating an  exposure-disea

relationship, given that either air or biom
used as surrogates for actual exposure le
the simple sitvation where the underlying relationship
hetween the logarithm of the true mean exposure for the
™ person {(based on air or biom levelsy and the
logarithm of the expected value of a continuous health
outcome is a straight line with slope 8, (see Appendix E,
true regression model; OFM website: | Jwwvw.occenvined.
comy/supplemental}. Suppose a sample of persons is randomly
selected from the population, each subject having # randomly
collected measures of exposure. If the average of these #
logged exposure measurements is used as a surrogate for the
true logged mean exposure level for the i'® person (see
Appendix E, measurement error model}), then the slope
parameter actually being estimated (namely, 8% is related to
8.0 via the following equation:

]
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(2)

1
where A =——+ E Py, From Equation (2), we see that
n(n—1) &=
) all j#
6" is less than . (that is, there is attenuation), with the

magnitude of the at Lemiamun given by the expression on the
right side. We have previously considered a simpler case®*
where p;/ =0 for all j and {under €8}, giving A= 0 and the
well-known expression:™

& 1
T )
true 1+=

in Appendix B, we consider the two special cases, = {J
and Py _plf |, which correspond to the €S and AR( 1)
covariance structures, respeciively, From Equations (2) and
(33, we see that (for a fixed #) avenuation increases as the
variance ratio A increases, which suggesis (at least for the
simple straight-line model on the log scale being considered
in Appendix E) that the exposure surrogate with the smallest
)‘ should produce (on average) the least underestimation of
e Wlth this motivation, we use the estimated variance
ratio A = &2 /02 to compare air measurements with biomar-
kers for a given study (smaller is better), consistent with our
carlier work.® Here, we denote the estimated s for air and
b]OlOQ,’lC&l momto’m;, as )\m and )\ respec mely We also
define )\bw/)‘(m as the “lamibda ’auo” when )\bw/)\m is less
than one, there is evidence that the biomarker would be a
better surrogate for exposure than air measurements and vice

versd.

-

Statistical methods

In addition rto statistical analyses involving Model (1)
described above, analysis of variance {(ANOVA) or non-
parametric Wilcoxon rank-sum tests (if the distributions
were skewed) were used to compare variance components
between air measurements and biomarkers. We used PROC
MIXED for longitudinal analyses with the SAS statistical
package version 8.02 {SAS Institute Inc., Cary, NC). The level
of significance of all tests was 0.05.

RESULTS

Description of the database

A total of 12 181 repeated observations from 132 data sets
were compiled from 22 studies covering a wide range of
pollutants (notably metals, organic compounds, and pesti-
cides) in both environmental and occupational settings
{Appendices A and B). The data are summarised in table 1,
which lists the numbers of air measurements, biomarker
measurements, and subjects, as well as the category of each
biomarker according to its type {(kinetic compartment in fig 1}
and residence time. The muumbers of biomarkers in owur
database deqreased from P {21}, to M {12}, to RY (7), 10 D
{3}, 10 R (2). The database was also reasonably populated
with biomarkers in all three categories of residence time—
thar is, short term (21), intermediate term (15), and long
termm biomarkers (9). For some contaminanis, more tha
biomarker was measured. After excluding 104 pre
observations, the data used for analysis {12 077 observati
inciuded 30 air-exposure data sets {4623 observations) and

7 biomarker data sets {7454 ohservations).
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Effects of time on estimation of variance compenents
Significant effects of time were found in approximately one
third (18 of 50) of air monitoring data sets and in
approximately half (36 of 77) of biomarker data sels
{Appendices C and D). One such etfect is illustrated in
tig 2A, which shows a seasonal effect in levels of {ree styrene
glycol in blood {pg/mi) observed among reinforced plastics
workers during three surveys conducted 3-4 months apart
{unpublished data from a study described by Rappaport and
colleagues™). When Model (1} was fitted to the data without
a fixed seasonal effect, the residuals deviated from the
horizontal line representing zero (fig 2B). In contrast, when
Model (1) was fitted to the data with a {ixed seasonal effect,
the residuals varied randomly about zero (fig 2C). Ihe
estimated within- and between-person variance componenis
were potentially biased due to fitting Model (1} to the data
without a seasonal effect; that is, “2” increased from 1.24 to
1.33 {(+6.9%) and 02 decreased from 0.595 to 0.562 {~3.5%).

Table 2 summarises the contributions of time effects to af”
and *§ inn all datasets. if an l’npmam time effect yvas
wrongly excluded from Model (1), then afv typically increased
18.2% (median value} for air measurements and 25.4%
{(median value} for blomaleu measurements. Conversely, if
an important time effect was excluded from Model (1), &22}
typically decreased by 11.3% (median value} for air measure-
ments and 4.1% {median va,ues for biomarkers.

Alternative covariance structure

Of all the swudies in our database, only two produced
significantdy better fits to Model (1) with an EXP {(rather
than a CS) covariance suucture, namely, DDE and trans-
nonachior in blood,” both long term biomarkers, and
inorganic lead and &-aminclevulinate in urine,” both inter-
mediate term biomarkers (see Appendices C and D). This
suggests that CS is generally appropriate for applications of
Model (1) to air and biomarker measurements.

Between- and within-person varionce components
The cumulative disiributions of the estimated between- and
within-person variance components are shown in fig 3 in
terms of the corresponding fold ranges {that is, zRge5 and
wléo.95' respectively} for air measurements and biomarkers.
The difference between distributions of 313095 for air
measurements (median pRpos = 7.4} and for biomarkers
{median pRyes = 7.7} was nol significant (Wilcoxon rank
sunt test, p = 0.34) (see {ig 3A}. Within-person variation was
much greater than between-person variation for both air
measurements {median wﬁ0.95 = 489} and biomarkers {med-
ian wRO o5 = 17.4} {fig 3B}. Also, the distribution of values of
wR0.95 {or biomarkers was significantly smaller than that for
air measurements (Wilcoson rank sum test, p<0.0l). We
attribute this to the smoothing of exposure variability in the
human body, which increases with the residence time of the
biomarker.” * Indeed, median values of wRo g5 for biomar-
kers decreased in the order: short term (median =44.6) >
intermediate term (median =37y > long term  (med-
fan=3.3).

Environmental exposures varied much more within per-
sons than occupational exposures for both air measurements

{environmental: median Ry o5 = 104; occupational: median
wRo o5 = 13. 7y and biomarkers (environumental: median
wRO 95 = 36.6; occupational: median Ry g5 = 7.6}. For com-

pav ison, table 3 also shows the cumulative distributions of
sRpes and wR()95 estimated from occupational studies

involving alr measurements, reported by Kromhout and
colleagues,” and biomarkers, reported by Symanski and
e e . ; . N

Gfee:son.b Neither the BRQ~95 f}?strlbutlo%l notr the | Rg s
distribution was found to significantly differ between our
database and those earlier compilations {data not shown).
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Table 1 Descriptive charocteristics of the datobase’
Bieanarker dasification
Mool Meoof Mo of Bo. of Kinghe
Blr mensurenienn ohs Bersons | Blemerbens ohis | paranne | comsesmenat Busidericn Himer
Metals
Chromium 20 9 Urinory chromium 110 9 B Intermediate
Mercury 592 1% Blood mercory 226 16 P tnjermediaie
Nickel 35 9 Blood nickel 38 4 p Intermedicte
Urinary nickel B2 12 P Indermediate
tead 287 51 Blood lead 387 79 g Infermediale
Urinary 6-aminslevulingte 181 4 M Intermediate
Urinary lead 181 & 7 Intermediate
Organic compounds
Benzene 592 218 Breoth bP"E?PHP 570 208 P Short
Chloraform 293 116 266 104 P Short
Ethylbenzene 301 120 76 110 B Short
Ethylene oxide 47 13 26 9 7 Short
Blood eih)iene oxitde 24 9 e Short
Hoemoglobin -2 hvdronyethylivalios. . 44 19 RY long
Methichioralorm 301 120 Breath methylchlbrolorm 275 109 P Short
Monoterpenes 39 19 Urinary verbeno! 39 10 M Shert
~Xylen@ 307 126 Brooth conlenss 278 o g Short
Polyeyclic aromatic hydrocarbons . 40 10 Blood DiINA addug 40 16 RY Intermedicte
o-Dichiorobenzene 160 80 Breath pdichlorobanzene 134 &7 F Shart
Perchlorasthyisne 342 120 Breath perchinmethylens 311 120 e Short
Styrene/Styrene oxide AL 1897 Breoth shrers 427 136 P Shert
Blood Free shrene glycol 104 42 M Short
Blood styrene 72 55 B Short
Blond SG-Albimin adducr {2 108 42 RY Intermedicie
Blood SO-Albumin adduct {8 108 47 RY Intermedinte
Blood 50-DNA adduct {1} 48 74 RY lnisrmediale
Blood SO-DMA adduct (2 AR 24 RY Intermedinte
Blood hasmngiobin adduct 17 44 RY long
Bload HERT nwstation frequency 22 5 D long
Blood sister chromatid axchange 48 34 n Long
Uninary mandslic acid 7 23 4 Sheart
Trichiorosthylene 296 119 Breath richlorasthyisne 268 106 e Short
Pesticides
Chlordane [cis and trons isomers] . 37 9 Blood oxychlordane 82 a2 R Intermediate
Chlorpyrifas 57 16 Urinary 2.5 6 tichloro-2-pyridinel 32 69 M Short
Disldrin 11 3 Blood dieldrin 32 13 e long
Heptachlor 51 14 Blood heptachior spoxide 20 & R tnjermediaie
Blomarker doto onlys
Drganic compounds
Environmental iobacco smoking Urinary 1-hydroxypyrane 180 36 M Short
Urinary cotinine 48 21 M Shart
Urinary MNALGlue and NiNAL 31 1% M Intermedicte
Mixed organic compounds Blood sister chromanid exchange (HECT 20 10 = long
Pesticides
Alrazine Urinary atazine nercopiurate 314 59 M Shart
Corbary Urinary | nophthsld 3i2 &9 M shor
DDE Blood DDE 377103 P tong
Hexachlorabenzens Blood hexachlorohenzens 34 77 P long
Malathion Urinary malatbion dicarboxylic acid . 318 69 M Short
Palychlorinaied biphenyls Blond polychlorinated hiphenyls 40 20 7 long
Trans-nonachior Blood frans-nonachlo: 12 49 e long
DDE, 1.1 dichloro 2 2 bislp chloraphenyl ]eth*/[enp DA, deosymibonucleic acid: HEC, high beguency ce[[ HPRT, hyy pomnihmp guonine phosphorbnsy
?ransfara;e FINBE: 4-fmosthyinitrosamine 1 {3 pvridvll | butanai BNALGlue, 144 meihvimtra;amma Ha oyl bov | vlEbetn- O-Doaglucosiduronic scid : 5O,
styrene oxider SO-DNAITL NEA 2hodrany-1 phenylathyll- 2 ine-3,5 b shosphate S(“«DNA {2} Umdmhﬁsﬂ ':NA adduct.
*Five pra»shifi detasets ond three d ining vnspecitied g of L kors were excluded from st v analysis. A total of 127 datases and
12 077 ohservations were used for summary analysis.
ib, dt;maged colls: M stable metablite: B, parent compound for procara 1) R, reactive infermediote; RY, meaction praduct between R ond nidlsophila Y le g
DN base]
fResidence fime cotegory: long, 1 time > 2 , adiote, 7 months 2residence time 2 davs; and short, residence time <2 days.
tnsutficient exposure dala fo estimate varionce components.
Sirinary |-nophthol 5 a non-specific metabolite of the pesticide carbanyd.

Overall, the databases show that the median value of wéo 95
was greater than that of gRj ¢ in a given setting for both air
measurements and biomarkers.

Bios in estimating exposure-disease relationships.

Potential bias in the estimation of the slope (4., of an
assumed siraight line log exposure-log disease relationship
{see Appendix B} was evaluated by examining the estimated

WWW L OCCE‘anEd .corm

variance ratio, ): &2 /&2 {smaller is better}. In general,
values of )\ for blom&mms {median = 1.04) were significantly
smaller than those for air measurements {median = 2.40)
{Wilcoxon rank sum test, p = 0.02). From this result, we infer
that using a biomarker as a swrogate exposure measure in a
typical study would tend to provide a less biased estimate of
the slope of a log exposure-log disease linear relationship
than would the use of air measurements.
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Figure 2 Characteristics of an example biomarker data set {free styrene glycol] (unpublished dota, Roppaport and collsagues®). (A Time profile of
free styrene glycol in blood from workers exposed fo shyrene and styrene oxide. [B] Residuals (with adjustment for seasonal effect] under Model (1],
{C) Residuals {without adjustment for seasonal effect] under Medel (11, *Europeon format.

Figure 4 shows the median and interquartile ranges of }
for both air measurements and biomarkers, stratified by
exposure setting (fig 4A) and type of agent (fig 4B).
Biomarkers produced significantly smaller values of § than
air measurermnents {Wilcoxon rank sum test) for environ-
mental exposures {p=0.01} (fig 44) and for metal exposures
{p=10.03) (fig 4B). However, for pesticide exposures, air
measuremnents produced significantly smaller § values than
did biomarker measurements (p = 0.04) (fig 4B). Estimartes
of § are shown in fig 4C for measurements siratified by the
residence time of the biomarker. Here, a decreasing trend for
A was observed for biomarkers in the order: short term >
intermediate terim > long term, consistent with reductions in
5-]2” noted previously.

The above comparisons were based on all studies in our
database, whether or not para casuremnents of air levels
and biomarkers were included in each investigation. To make
direct comparisons between air and biomarker measure-

imated lambda ratio, wa / ):a

ments in a given study, the es
was investigated. Of the 54 data sets that provided parall
measurermnents, almost two thirds (62%) had estimarted
iambda ratios of less than one {median lambda ratio = 0.46),
again providing evidence that biomarkers tend to provide less
biasing measures of exposure than air measurements. The
median and interguartile ranges of estimated lambda ratios
were also stratified and compared by esposure setting, type of
agent, and biomarker residence time as shown in fig 3.
Results here are generally consistent with those from fig 4,
with estimated lambda ratios less than one for environmental
settings (fig 5A) and for metals, but not for pesticides
{fig 5B). However, the estimated lambda ratios increased in
the order: intermediate term biomarkers < short term
biomarkers < long term biomarkers (fig 3C), which was
unanticipated based on the earlier comparisons of § (see
fig 4C). This could reflect the relatively small numbers of
studies with paralle! air and biomarker measurements and

ir’

o]

the fact that the few long term biomarkers represented
{(n=46) included several non-specific endpoinis, such as
HPRT mutations and SCEs, that could have been influenced
by smoking, ionising radiation, and other types of expo-
sures.™

DISCUSSION

Our findings support the notion that biomarkers can offer a
desirable alternative to air sampling for assessing exposures
to chemicals. In addition to providing the oft-mentioned
theoretical advantages {(accounting for all exposure routes
and interindividual differences and residing closer to the
disease process), biomarkers also tend to have smaller
variance ratios (A :%}, and, therefore, to be potentially
smrogaz; measures of exposure than air
udies of health effects. This particular

vs has only been mentione d

less biasing
measuremnents for st
advantage of biomar
taily heretofore® *
1f values of 4 are to be considered in designing a health
effects study, it is important that gfv and gﬁ be estimated
with minimal bias. For both air and blomarker measure-
ments, we found thar time effects and the choice of
covariance structure could be important to the characterisa-
don of these variance components. Excluding an important
fixed time effect had a greater impact on 5'124/ than on 6; as
observed for other types of longitndinal data.” This would
tend to increase values of § for the candidate exposure
measures, making them appear worse than they actually are.
Regarding the choice of covariance structure, we found that
C8 was appropriate for characterising gfv and g'é in virtually
all cases. However, CS assurnes that repeated measurements
collected from a given person have the same correlation no
matter how far apart they are in time. Thus, investigators
should be aware of potential problems arising from the
timing of biomarker measurements relative to the residence

W OCCENYIM educam
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Table 2 Contribution of time effects to the sstimated vorionce components
Estimated withinoperon Extimuted behwean person viriance
varanee conmonent 152 ] component (57
Wihout | dme % Widow  Wibidee %
Time efacs toe offeg olfeg | denser | S sHeer | sfecr shangs Hotes Bel.
Al measurement
Benzene Sacson 0707 0678 129 0763 3252 04 29
Season 0.687 3.543 265 0.048 0094 =489 ios Angsles, CA <
Chloroform Season 2.30%2 2014 14.3 0.000 0ol 1000 tos Angeles, €A 25
Chlorpyrifos Seazon D.26] D220 i85 1.820 1972 —2.4 30
Ethylenzene Season 0.993 0.920 78 0193 0215 =102 los Angeles, CA 75
Methylchloreform Season 1.524 1406 84 021 3,263 ~19.8 tos Angeles, CA 25
Manolerpane Season 0677 Q577 173 0.3%5 0214 505 los Angeles, A 25
o-Kvlene Senason 1.647 1.398 7.8 0000 0.059 =100.0 tos Angeles, €A 25
lend Season 0279 0207 348 0022 0.024 -83 0
p-Dichibrobenzene Season 2.240 1647 380 D422 0725 =418 Bayoane, NJ 25
Seazon 1.84] 1.448 271 1.5395 1.592 ~12.4 Ios dngsles, CA 28
Parchlorosthylens Season 1736 1455 89 0045 5134 ~46.2 los Angeles, A 25
Shyrene Seazon 1.348 1372 150 0.237 G279 =153 tos Angeles, CA 25
e oxids Secison 1.372 0131 %473 oon 0.245 —1a0.0 4
sethvlene Senson 3619 3.508 32 1073 1078 =05 tos Angeles, €A 25
Mercury Weekday 0268 D255 47 0.05] 0.052 ~-1¥ 31
Ethylens oxide Linear trend  1.256 0742 69.3 D000 $.000 =1 32
Shyrene Linsar rend 0,464 0342 363 0.238 0231 30 33
Biomarker
Bracth benzsne Season 0779 0655 89 0310 G.370 =162 el
Season 2.075 1.953 &2 1.125 1083 ~49 los Anpeles, CA 75
Breath chloraform Secson 3327 1.284 1587 G000 0.942 —10090 Elizabeth NJ 25
Breath ethvlbenzens Season 1.386 1040 333 0788 0931 =207 Elizabeth, NJ 5
Seazon 1.434 1195 262 0868 G921 =58 tos Angeles, CA 25
Breath methvichlorofarm Season 7383 1315 812 0751 1.358 447 Elizobsth, NI 5
Season 1402 1192 176 3695 0.805 137 fos Angeles, €A 25
Breath o-xylene Seazon 1.12¢% D845 335 0.296 0.387 =235 Ios dngeles, CA 28
Breath p-dichlarcbenzens Season 0.973 0.645 56.% D467 06720 —247 Elizaheth, NI 25
Seazon 1.098 0938 7 2643 2721 =29 tos Angeles, CA 25
Breath perchlarnsthvlene Secison 0714 9557 282 0430 0.545 <210 Ios Angeles, CA 5
Breath sivrene Senason G.617 G476 44.8 0310 0419 =260 Bayonns, 25
Secison 1.363 0828 518 0000 0.24& ~1000 Elizabsth, NJ 5
Breath krichlorosthylene Season 1011 G.a2l 628 D053 0272 —805 Bayonne, M 25
Season 1919 1670 149 0718 0784 —BB Ios Angeles, €A 25
Blond SO-albomin addic (&) Sedson 1.047 0794 30 0600 0000 = 74
Blood 50-albumin addust (5} Season 0,444 0.388 14.4 0.007 0oz =741 24
Bload DDE Secuon 0076 0062 226 G345 0.348 -09 30
Rlood SC-DMA addut (1) Senson 4.219 3533 1¥4 0 0000 0.000 = 74
Blood SO-INA adduct {2 Seqon 3.004 2513 195 0000 007 —100.0 24
RBlood fres siyrene glyeol Season 1.528 1.242 8.9 D562 0595 ~55 24
Blood hasmoglobin adduct Season 0317 0269 178 0000 3.000 = 24
Bload hexachlorebenzens Secunn 0.145 0101 4346 0029 5.030 ~33 30
Blood lend Senson 0113 0109 37 098 D 3.0 30
Blood shrene Season 1.664 1484 123 1.708 1.692 0.9 24
Urinary 3.5 &-trichloro-Z-pyridine| Season 0.406 0.381 12.5 D149 0147 14 30
Urinary airazing mercaplurale Season 0.164 0160 25 0154 0153 a7 30
Utinary malathion dicarbondic acid . Season 0.524 G511 25 D4 507 65 30
Blood mercury Waekday 0029 0028 36 0119 5119 50 31
Urinary Thydroxyprane Weskday  0.37] 092 4 0,371 0.3 =09 34
Urinary chromium Weekday 0088 0038 1514 0565 0578 =17 35
Weekday 0107 0040 1875 GA17 U830 =21 34
Urinary mickel Weekday 0428 0243 7a1 0.180 $.242 ~256 37
Weekday 0053 e ] 17 3167 54 36
Breath sthylene oxide Linsar yrend . 1165 9618 885 0000 0.0 32
Blood sthylene oxide Linear trend 1127 0783 439 0000 5.000 32
DDE 1.1 dichlora 2, 2-bislp-chiorophenyilethvlene: DNA, deoxyribonusisic acid; 50, siyrene oxide.
Varionce compnent. o tme sftes] — YOIDNCE COMPONEN.ih sme sl % 100/ Variance componenti i vme e
TUndelined bacause denominator iz zers: assigned o provisional value of zero when sstimating the median of the disiribution.

time
or

particularly for intermediate and long term biomarkers,
yuld use an EXP covariance structure.

We found that values of &12” tended to be larger for
environmental exposures than for occupational exposures
regarding both air and biomarker measurements {fig 2B).
This indicates that members of the general public experience
greater ranges of pollutant levels in their everyday lives than
do workers in a given factory and job {as noted in Rappaport
and Kupper”), and may explain why biomarkers had
consistently smaller lambda ratios in environmental studies

WWW L OCCE‘anEd .corm

than in occupational studies (fig 5A). Thus, biomonitoring
may be more advantageous in environmental settings than in
occupational settings.

Among biomarkers, we noticed a decreasing trend for § in
the order: short term > intermediate term > long term due o
the likely smwoothing of exposure variability related to slow
elimination of the biomarker (fig 4C). This suggests that
biomarkers with longer residence times would be preferred o
those with shorter residence times. That is, smaller numbers
of biomarker measurements per subject would be needed o
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Figure 4 Medion £ values and interquartile ranges of { values for:
{A} exposure seffing; {B] exposure agent; and (C)%Eomar er residence
time. Error bars represent interquartile ranges. *p<<0.05, Wilcoxon rank
sum test for medion volues.

Figure 3 Cumulative distributions of feld ranges of variability for
exposure and biomarker measurements. {A} Esiimated fold range
{3Ro 95! containing 95% of average exposure {and biomarker]
encountered by the population. [B} Estimated fold range | B, s}
containing 95% of average exposure [and biomarker] encountéred by o
given person.
0*

] ) . . b={1— -] can be determined as the smallest positive
help contol for attenuation bias in an exposure-response ( Ime)
relationship {see Appendix E). For example, to estimate the integer # satisfying the inequality:

slope of the linear relationship between logged inorganic lead
exposure and some logged continuous health outcome, with (1-A) b
a bias no larger than 0.10, we use the data of Cope and n> b—’o <A< m <1, 4

A

colleagues™ to estimate #. From equation {2}, the number of
measurements per subject required for a given Dbias

1-bBr

Toble 3 Compoarison of between- ond within-person estimated fold ronges across studies ond exposure seftings
Bﬁg‘gs witn s
Mo of Blo o Interaueile Buseoucetls
dotasets - Mo of obe persons. . Madion range Medion rangs Ref.
Environments] sefiing
Air [current study) 38 2901 1145 77 23-43.4 1044 48,9207
Biomarker feurrent studhd 45 5285 1481 2.3 A44-3372 356 A8-905
Cecupotionad setting
Adr feurrent study) 7 1722 237 70 3654972 187 88=273
A {Kramhout et of) 165 13945 1569 40 20120 152 59703 7
Biomatker fcurrent study) 31 2148 863 48 146-108 7.& 2.5-32.1
Biomarker [Symankst and Gressonlt @1 3234 42 &1 2.1-302 50 25-104 18
BﬁD.QS-’ estimated between-persan bold range; wﬁﬂ 95 estimated within-person fold range.
$Pre-shilt and midshift chservations [t 1 were excluded fom 122 ovigingl doto sets thot included 4367 ohservations from 1155 persens.
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1
A=——r E Pjj-. The minimum sample size yvas
nn—1) &= '
all j#f
estimated by substituting /= 0.10 into equation (4}, along
wit

where

h the estimates of 1 {16.6 for inorganic lead exposure, and
0.654 for urinary lead, Appendix D) and p {zero for air lead
and .25 for urinary lead under AR(1}) for the corresponding
true parameters. This leads to estimated sample sizes of
1= 10 measurements per subject for lead in urine and
11 = 1530 measurements per subject for lead in air. There
should be little doubt inn this case that the biomarker would
provide a better surrogate measure of exposure than air
measurements for investigating health effects in  this
population, as has previously been argued in the context of
hazard control®

The advantage noted above for intermediate and long term
biomarkers (relative to air measurements} will not generally
be realised for short term biomarkers, which reflect exposure
during the current or preceding day. In the study by
Rappaport and colieagues,™ for example, styrene in exhaled
air (a short term biomarker} was measured along with
styrene in air. Using data from that investigation, § was 0.28
for air styrene and 0.99 {or styrene in exhaled air {Appendix
D}, and A was € in both cases. To achieve the desired goal of
b< (.1, from equation {4} we require n = 3 measurenients per
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person for air styrene and n = 9 measurements of styrene in
exhaled air. In this case, there is evidence that styrene in air
would be a better surrogate measure of exposure than styrene
inn exhaled air.

Although the above calculations indicate thar biomarkers
with longer residence times would generally be preferred to
those with shorter residence times, the specificity of
candidate biomarkers and the precision of assays can also
be important. Consider for example, the eight biomarkers
listed in Appendix D for styrene and styrene oxide. Values of
A for these biomarkers increased in the following order
biood styrene (0.770. tvwo studies} << breath styrene {(.989) <
urinary mandelic acid {1.44, two studies) < lymphocyte SCEs
(1.58) < lymphocyte HPRT mutation frequency (1.77) <

blood styrene ol {2.09) < blood SO-albumin adduct
{14.3) < SO-DNA adduct (24.7). The two smallest values of {
were observed for short term biomarkers (styrene in blood
and breath) while the two largest values of § were for
intermediate term biomarkers {albumin and DNA adducts of
SO}, This can partially be explained by the imprecision of the
adduct assays; indeed. the coetficient of variation of the post-
labelling assay for the DNA adduct was about 200%.%

Our analyses did not permit inferences to be made about
the effects on variance ratios of important metabolising and
repair genes. However, it is reasonable to expect that
functional SNPs of these gene alleles would increase g% of
relevant biomarkers while having little affect on (75/ Since air
levels should be independent of SNP status, the practical
effect of funcional SNPs would be o preferentially decrease
variance ratios for biomarkers relative to alr levels. This
would also reduce the biasing effect of such biomarkers as
surrogates for exposure.

Aside from the biasing potential of using air and biomarker
measurements as surrogates for true exposure levels, other
constraints could loom large, such as the difficulty of
repeatedly collecting blood specimens rather than air samples
from a population or the increased costs of hiological
measurements compared o air measurements. Also, our
analyses implicitly assume that air represents the dominant
route of exposure o the toxic cherndcal. This will not always
be the case. For example, we found that air measurernents of
pesticides produced significantly smaller § values than did
biomarker measurements ({ig 4B}, suggesting that ingestion
and/or dermal contact were reflected by biomarkers in those
studies. Taking all factors into account, the optimal measure
of exposure for an epidemiology study depends not only on
variance ratios of the air and biomarker measurements
{simaller is better), but also on projected sample sizes (larger
is better}, based on practical considerations and costs, and on
knowledge of the dominant route of exposure (if mulriple
routes, biomarkers are better).

Finally, it is worth mentioning that studies that collect both
alr measurerments and biomarkers are particularly valuable
because they provide information with which to estimate the
rates of human uptake, elimination, and metabolisim of toxic
chemicals. Given the paucity of lnunan toxicokinetic data for
st contamyinants, the quantification of such rates with
primary data from observational studies would be valuable.
When collected in longitudinal sampling designs, where
repeated exposure and air measurements are obtained {rom
representative persons, these data can also allow interindi-
vidual differences in uptake, eic to be estimated and
ultimately related to genetic, physiological, and lifestyle

I

factors (for exarnple, see Rappaport and colleagues™)

Limitations of the study

Our analyses were limited in several important ways. First,
we were constrained by the relatively few studies that
provided longitudinal data of both air measurements and
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® There is consideroble within and behween-person
‘mriabiiigz in both oir and biomarker levels thot affect
valid and precise characterisation of exposure disease

relorionships.

Although air measurements and biomarkers each have
distinet odvortoges and disodvontoges as surrogate
measures of exposure. biomarkers appear to provide
Ioss biosed estimates of nue exposure levels for
epidemiclogical studies.

Epidemiclogists should consider using biomarkers

instead of or i addition ko air mecsurements for
ossessing levels of chemical sxposure.

biomarkers from a given population and by the limited
numbers of measurements per subject in most investigations.
Small sample sizes particularly limired our ability to draw
clear conclusions in stratified comparisons {{or example, for
biomarkers of pesticides and long term biomarkers). Second,
since most of our database was derived from secondary data,
it was only possible to examine the effects of a relatively
small number of covariates, such as occupational or
environmental sources of exposure, etc. Third, we focused
entirely on exposures to airborne contaminants, recognising
that other routes (dermal contact or ingestion} could have
produced significant contributions to biomarker levels in
some cases. Fourth, we considered biasing measurement
error effects only in the context of individual based studies
where air measurements or biomarkers were obtained {from
each person in a sample and the logged continuous health
outcome was related to the logged individual mean measure
of exposure. The statistical issues in such an individual based
study are somewhat different from those in a group based
study, where the mean health outcome for each group is
compared with the corresponding group mean of the
exposure measure.” And finally, we recognise that our
database was confined largely to published investigations of
biological monitoring. These studies could well have heen
biased in favour of biomarkers that had previously heen
shown to be useful, such as metals in blood and urine. If this
were the case, then we somewhat overstate the generally less
biasing advantage of blomarkers that we observed.

Conclusions

We identified consistently great variability in air levels and
biomarkers both between and within persons in a large number
of longitudinal studies of chemical exposure. We argue that the
air or biological measure with the smallest (within- to between-
persony variance ratio should be the optimal al is, Jeast
hiasing surrogate for exposure in a study of health effects. We
present evidence that biomarkers tend to have smaller variance
ratios than air measurements. Epidemiologists should consider
the magnitudes of variance ratios of air measurements and
biomarkers as one criterion for selecting the optimal surrogate
for exposure in their studies.
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APPENDICES

Appendix A. Descriptive characteristics of environmental settings

Exposure monitoring characteristics

Biological monitoring characteristics

Notes Ref.
) Conc. range N* Sampling . Conc. range N Sampling
Exposure agent (median) &) interval Biomarker (median) &k interval
Metals
Airborne 0.36-4.7 ng/m’ 106 2 months Blood 0.6-9.8 ug/dl 351 2 months [30]
feadt (0.93) (45) lead 2.4 (73)
Organic compeunds
Airborne 0.012-36.1 mg/m’ 122 1-7 Breath 0.002-1.40 mg/m’ 122 1-7 During self- [43]
benzene (1.20) (30) months benzene (0.052) (30) months service refuel
Airborne 0.105-63.0 pg/m’ 42 14-17 Breath 0.050-72.0 pg/m’ 34 14-17 Bayonne, NJ [25]
benzene (13.0) 2D months benzene (6.08) a7 months
0.030-150 pg/m’ 52 14-17 0.030-150 pug/m’ 42 14-17 Elizabeth, NJ [25]
(17.0) (26) months (12.0) 2D months
1.30-163 pg/m’ 192 3-40 0.030-116 pug/m’ 189 3-40 Los Angeles, [25]
(11.0) 76 months (3.40) (70) months CA
Airborne 0.070-25.5 pg/m’ 42 14-17 Breath 0.049-4.40 pug/m’ 34 14-17 Bayonne, NJ [25]
chloroform (1.88) 2n months chloroform (0.665) a7 months
0.075-73.0 pg/m’ 52 14-17 0.050-28.0 ug/m’ 42 14-17 Elizabeth, NJ [25]
(2.38) (26) months (0.466) 2D months
0.022-92.0 pg/m’ 199 3-40 0.030-18.0 pg/m’ 190 3-40 Los Angeles, [25]
(0.720) ©9) months (0.170) (66) months CA
Airborne 0.225-47.5 pg/m’ 42 14-17 Breath 0.025-11.0 pg/m’ 34 14-17 Bayonne, NJ [25]
ethylbenzene (7.55) 2D months ethylbenzene (1.45) 17 months
0.950-1100 pg/m’ 52 14-17 0.250-290 pg/m’ 42 14-17 Elizabeth, NJ [25]
(11.0) (26) months 2.10) 2D months
0.131-198 ug/m’ 207 3-40 0.010-22.0 pg/m’ 200 3-40 Los Angeles, [25]
(5.92) (73) months (0.653) (72) months CA

ED_004983_00014261-00012




Airborne
methylchloroform

Airborne
p-dichlorobenzene

Airborne
perchloroethylene

Airborne
styrene

Airborne
trichloroethylene

Airborne
o-xylenes

0.85-580 pg/m’
(18.0)

0.085-8400 pg/m’
(16.1)

1.04-3994 pg/m’
(15.0)
0.338-270 pg/m’
(4.98)

0.269-770 pg/m’
(3.35)

0.060-232 pg/m’
(2.09)

0.170-230 pg/m’
(9.80)
0.750-1800 pg/m’
(8.45)

0.026-520 pg/m’
(5.40)
0.080-23.0 pg/m’
(1.65)

0.095-130 pg/m’
(2.58)
0.022-29.5 pg/m’
(1.90)

0.135-29.0 pg/m’
(2.40)

0.140-53.0 pg/m’
(4.00)

0.022-350 pg/m’
(0.785)

0.265-42.0 pg/m’
(6.70)

0.550-770 pg/m’
(9.55)

42
21

52
(26)
207
(73)
42
2D
52
(26)
66
(33)
42
21
52
(26)
191
(70)
42
@b
52
(26)

205
(73)

42
21
52
(26)
202
(72)
42
21

52
(26)

14-17
months

14-17
months

3-40
months

14-17
months

14-17
months

3-40
months

14-17
months

14-17
months
3-40
months

14-17
months

14-17
months
3-40
months

14-17
months

14-17
months

3-40
months

14-17
months

14-17
months

Breath
methylchloroform

Breath
p-dichlorobenzene

Breath
perchloroethylene

Breath
styrene

Breath
trichloroethylene

Breath
o-xylenes

0.060-15.5 pg/m’
(2.35)

0.210-360 pug/m’
(5.35)

0.043-1294 pg/m’
(4.76)

0.131-43.0 pg/m’
(1.06)

0.150-31.0 pg/m’
(1.15)

0.050-76.0 pg/m’
(0.501)

1.10-33.0 pg/m’
(5.45)

1.63-170 pyg/m’
(4.50)

0.119-487 ug/m’
(4.58)

0.070-3.00 pg/m’
(0.333)

0.060-14.0 pg/m’
(0.660)

0.030-13.0 pg/m’
(0.174)

0.075-1.70 pg/m’
(0.438)

0.075-5.80 pg/m’
(0.699)
0.030-180 ug/m’
(0.169)

0.150-11.0 pg/m’
(1.10)

0.050-220 pg/m’
(1.75)

34
(17)
40
(20)
201
(72)
32
(16)
40
(20)
62
3D
34
(17)
42
21
178
(69)
30
(15)
42
(2D
199
(7
34
(17)
40
(20)
194
(69)
34
(17)
42
2

14-17
months

14-17
months

3-40
months

14-17
months

14-17
months

3-40
months

14-17
months

14-17
months

3-40
months

14-17
months

14-17
months
3-40
months

14-17
months

14-17
months

3-40
months

14-17
months

14-17
months

Bayonne, NJ

Elizabeth, NJ

Los Angeles,
CA

Bayonne, NJ

Elizabeth, NJ

Los Angeles,
CA

Bayonne, NJ
Elizabeth, NJ
Los Angeles,
CA

Bayonne, NJ
Elizabeth, NJ
Los Angeles,
CA

Bayonne, NJ
Elizabeth, NJ
Los Angeles,
CA

Bayonne, NJ

Elizabeth, NJ
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[25]

[25]

[25]

[25]

[25]

[25]

[25]

[25]

[25]

[25]

[25]

[25]

[25]

[25]

[25]

[25]

[25]




0.026-160 pg/m’ 207 3-40 0.034-10.6 pg/m’ 202 3-40 Los Angeles, [25]
(8.00) 73) months (0.738) (72) months CA

Pesticides

Airborne 0.71-71.3 ng/m’ 32 2 months Blood 21-156 ng/g lipid 89 2 months [30]

chlordanet (9.15) 9 oxychlordane (45) (32)

Airborne 0.84-283 ng/m’ 57 2 months Urinary 0.197-25 ug/g creatinine 312 2 months [30]

chlorpyrifost (11.4) (16) TCPY (4.65) (69

Airborne 1.95-57.9 ng/m’ 11 2 months Blood 21-202 ng/g lipid 39 2 months [30]

dieldrint (12.8) 3) dieldrin (59) (13)

Airborne 1.04-389 ng/m’ 51 2 months Blood 26-130 ng/g lipid 20 2 months [30]

heptachlort (7.7) (14 heptachlor epoxide  (81) &)
Biomarker data only

Organic compounds

Mixed exposure to toluene, benzene, and other organic compounds Blood 20-78 per subject 20 2 years Excluding [44]

with concentration ranging from non-detectable to 11.4 pg/ m’. Iymphocytes HFC (53) (10) 1993 data.

Children exposed to polycyclic aromatic hydrocarbons (PAH). Urinary 0.07-3.6 umol/mol creatinine 180 Daily [34]
1-hydroxypyrene (0.41) 30)

Children exposed to environmental tobacco smoking (ETS). Urinary 10.1-91.7 ng/ml 28 3 months [45]
cotinine (24.8) 14
Urinary 0.013-0.51 pmol/ml 31 3 months [45]
NNAL+NNAL-Gluc  (0.13) (16)

Pesticides

Women exposed to chlorinated hydrocarbons. Blood 0.0005-4 ug/g lipid 62 2 months [46]
DDE (0.93) 3D
Blood 0.15-1.49 ug/g lipid 60 2 months [46]
PCB (0.53) 30)
Blood 0.01-0.11 pg/g lipid 60 2 months [46]
trans-nonachlor (0.04) (€10)]

U.S. EPA National Human Exposure Assessment Survey (NHEXAS)  Blood 77-4445 ng/g lipid 315 2 months [30]

Maryland study. DDE (518) (72)
Blood 13-112 ng/g lipid 314 2 months [30]
hexachlorobenzene  (47) (72)
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Blood 36-165 ng/g lipid 62

trans-nonachlor 7 19
Urinary atrazine 0.13-1.64 ug/g creatinine 314
mercapturate (0.40) (69)
Urinary malathion 0.13-51 pg/g creatinine 313
dicarboxylic acid (0.43) (69)
Urinary 0.2-4600 ug/g creatinine 307
I-naphthol 3.4 (69)

2 months

2 months

2 months

2 months

[30]

[30]

[30]

Abbreviations:

DDE, 1,1-dichloro-2,2-bis(p-chlorophenylethylene; HFC, high frequency cell analysis; NNAL: 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol;

NNAL-Gluc, [4-(methylnitrosamino)-1-(3-pyridyl) but-1-yl]-beta-O-D-glucosiduronic acid; PCB, polychlorinated biphenyls; TCPY, 3,5,6-trichloro-2-pyridinol.

*N, total number of observations; £, number of persons.
FIndoor air samples.
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Appendix B. Descriptive characteristics of occupational settings

Exposure monitoring characteristics

Biological monitoring characteristics

Notes Ref.
o Conc. range N* Sampling . Conc. range N Sampling
Exposurc agent (median) k) interval Biomarker (median) (k interval
Metals
Airborne 0.01-0.51 mg/m’ 25 Dailyt Urinary 13-153 ug/g creatinine 25 Daily Post-shift. [35]
chromium (0.08) é) chromium (52) ®)
11-88 ug/g creatinine 25 Daily Pre-shiftf. [35]
(29) (%)
Airborne 0.01-0.59 mg/m’ 20 Dailyt Urinary 11.7-152 pg/g creatinine 20 Daily Post-shift. [36]
chromium (0.16) Gy} chromium (69.1) @
10.9-86.7 ug/g creatinine 20 Daily Pre-shiftf. [36]
(39.1) 4)
Airborne 0.5-21.2 pg/m’ 15 2 days Urinary 5-139 pg/t 21 2 days Post-shift. [37]
nickel CAY) ®) nickel (33) ®)
7-142 ug/t 23 2 days Pre-shiftf. [37]
(23) (8)
Airborne 0.03-0.16 mg/m’ 20 Dailyt Blood 2.4-14.1 pg/ 18 Daily Post-shift. [36]
nickel (0.09) @ nickel (9.3) )
1.2-8.8 ug/l 20 Daily Pre-shiftf. [36]
(3.4 4)
Urinary 24-109 pg/1 18 Daily Post-shift. [36]
nickel (76) G
12-73 pg/l 20 Daily Pre-shifif. [36]
(41) “
Airborne 1.3-1249 pg/m’ 176 Daily Blood 24-52 ug/100 g 36 4-7 [26]
alkyl lead (23.4) (©6) lead 41 (©6) days
Airborne 1.3-62.6 pg/m’ 176 Daily Urinary 30-840 mg/100ml 181 Daily [26]
inorganic lead (15.7) ®) d-aminolevulinate 320y (6)
Urinary 10-165 pg/l 181 Daily [26]
lead (7D (6)
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Airborne
mercury

Organic chemicals

Airborne
benzene

Airborne

carcinogenic PAH

Airborne
ethylene oxide

Airborne
gthylene oxidet

Airborne
monoterpencs

Airborne
styrene

Airborne
styrene

Airborne
styrene

Airborne
styrene oxide

2.23-155 ug/m’
(18.7)

1.30-1140 pg/m’
(59.9)

5.3-76 ng/m’
(15.7)

0.4-22.5 mg/m’
(5.5)

0.65-12.1 mg/m’
(2.95)

6-228 mg/m’
(66)

1-102 mg/m’
(23.5)

15-268 mg/m’
(70)

0.34-391 mg/m’
(19.9)

10.4-444 ug/m’
(139)

592
(16)

184
(69)

40
(10)
27
©

20
@)
39

(10)
36

(12)
27
©)

249
(48)

17
%

Daily

1-7
months
1-11
months

Daily

Daily

2-120
days
2-6
months

7-11
months

2-3
months
1-8
months

Blood
mercury

Breath
benzene

Blood cell DNA
adducts/10® nucleotides

Breath
ethylene oxide

Blood
ethylene oxide

Blood
N-2-hydroxyethyl-valine
Urinary

verbenol

Urinary
mandelic acid

Blood
styrene

T-lymphocytes HPRT
mutation frequency x10°

Urinary
mandelic acid

Breath
styrene

Blood

styrene

Blood

free styrene glycol
Blood

SO-albumin adduct(c)

Blood
SO-albumin adduct(p)

20-280 nmol/1
(90)

2.10-2026 pg/m’
(23.2)

2.71-11.1
(4.90)

0.2-7 mg/m’
(1.5)
4-103.7 pg/l
(36.7)

53.1-115 pmol/g globin
(69.4)

2.0-75 pmol/mol creatinine

(16)

13.5-353 mg/g creatinine
(99.8)

0.1-2.3 mg/l
(0.6)

7.1-86.8
(16.6)

51-1310 mmol/mol creatinine

(164)

0.01-12.2 mg/m’
2.1

0.0007-3.58 ug/ml
(0.09)

2.95-979 pg/ml
(39.8)

0.01-3.4 nmol/g albumin
(0.16)

0.25-6.0 nmol/g albumin
(1.4

226
(16)

183
(70)
40
(10)
26
©)
24
©
12
“)
39
(10)
36
(12)
26
©)
22
®)
42
(11)
156
(29)
146
(46)
104
(42)
108
(42)

108
(42)

3-11
days

1-7
months
1-11
months

Daily

Daily

Daily

2-120
days
2-6
months
2-5
months
1-13
months
2-11
months
3-4
months
3-4
months
3-4
months
3-4
months
3-4
months

Only post-shift
data is used. The
mid-shift data is
excluded.

Attack of SO on
the o carbon.

Attack of SO on
the B carbon.

[31]

[29]

[47]

[32]

[32]

[48]

[20]

[20]

[33]

[33]

[33]

[24]

[24]

[24]

[24]

[24]
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Blood (Iymphocyte) 0.06-195 pg/m’ 48 3 months [24]
SO-DNA(1) (5.9 (24)
Blood (lymphocyte) 0.07-131 pg/m’ 48 3 months [24]
SO-DNA(2) (9.0) (24)
Blood 0.01-0.27 nmol/g hemoglobin 117 3-4 [24]
hemoglobin adduct (0.05) (44) months
Blood (lymphocyte) 3.7-9.6 per cell 68 4 months [24]
sister chromatid exchange (6.4) (34)
Airborne 0-58.2 ppm 58 Daily Breath 0.140-12.4 ppm 57 Daily [49]
perchloroethylene (4.05) (13) perchloroethylene (1.58) (13)
Quantitative Biomarker only
Organic compounds
Workers exposed to ethylene oxide. Individual exposure data is Blood 0-295 pmol/g globin 20 3-12 Only used data from [50]
not available. N-2-hydroxyethyl-valine  (72) 9 months routine operation,
Workers exposed to ethylene oxide ranging from 0.2 to 8.5 ppm. Blood 5219-32738 pmol/g globin 12 4 months [51]
Individual exposure data is not available. N-2-hydroxyethyl-valine  (12746) (6)
Workers exposed to toluene with a mean exposure of 46 ppm. Urinary 0.04-8.8 mg/mmol creatinine 292 2-24 This study is not [52]
Individual exposure data is not available. microalbumin (N/A) (142)  months included in the
Urinary 0.09-1.14 TU/mmol creatinine 292 2-24 summary statistics. 5,
NAG (N/A) (142)  months
Urinary 0.16-2.48 TU/mmol creatinine 292 2-24 [52]
AAP (N/A) (142)  months

Abbreviations:

AAP, alanine aminopeptidase; DNA, deoxyribonucleic acid; HPRT, hypoxanthine guanine phosphoribosyl transferase; N/A, Not available; NAG, N-acetyl-beta-D-glucosaminidase
NNAL: 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol; NNAL-Gluc, [4-(methylnitrosamino)-1-(3-pyridyl) but-1-yl]-beta-O-D-glucosiduronic acid; PAH, polycyclic aromatic
hydrocarbons; SO, Styrene oxide; SO-DNA(1), N*-(2-hydroxy-1-phenylethyl)-2'-deoxyguanosine-3,5-biphosphate; SO-DNA (2), unidentified DNA adduct [23].

*N, total number of observations; &, number of persons.
FDaily average.

FTExcluded from the summary analysis (illustrative purposes only).
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Appendix C. Estimated variance components for air and biomarker measurements in environmental settings™
Air measurements Biomarker measurements
Notes Ref.
Exposure agent oit ot At Biomarker o} ol A
Metals
Lead 0.024% 0207t 8.60% Blood 0278% 0.109F 0.394% [30]
lead
Organic compounds
Benzene 0.049 2.51 50.9 Breath 0.462 1.90 4.10 [44]
benzene
Benzene 0.000 1.51 N/A Breath 0.501 1.65 3.29 Bayonne, NJ [25]
benzene
0.482 247 5.12 0.796 2.81 3.53 Elizabeth, NJ [25]
0.094% 0543f 5.80% 1.18% 1.95% 1.65% Los Angeles, CA [25]
Chloroform 0.000 1.51 N/A Breath 0.000 2.33 N/A Bayonne, NJ [25]
chloroform
0.022 1.79 80.8 0942+  1.28% 1.36% Elizabeth, NJ [25]
0.101+ 2.01% 19.9% 0.167 2.78 16.6 Los Angeles, CA [25]
Ethylbenzene 0.000 1.12 N/A Breath 0.465 1.33 2.85 Bayonne, NJ [25]
cthylbenzene
1.41 1.04 0.741 0931F 1.04% 1.12% Elizabeth, NJ [25]
0215+ 0920f 4.28% 0921t 1.20% 1.30% Los Angeles, CA [25]
Methylchloroform 0.678 1.22 1.80 Breath 0.000 2.43 N/A Bayonne, NJ [25]
methylchloroform
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p-Dichlorobenzene

Perchloroethylene

Styrene

Trichloroethylene

o-Xylenes

0.270

0.263%

0.725%

0.716

1.59%

0.000

0.041

0.136%

0.449

0.557

0.279%

0.107

0.694

1.08%

0.000

0.059%

4.33

1.41%

1.65%

1.45%

1.91

2.29

1.46%

0.672

1.52

3.51%

1.09

1.46

1.40%

16.0

5.35%

227t

0.909%

N/A

553

10.7%

1.50

2.10

4.20%

10.9

o]

18

3.25%

N/A

1.29

Breath

p-dichlorobenzene

Breath
perchloroethylene

Breath
styrene

Breath
trichloroethylene

Breath
o-xylenes

1.36%

0.805%

1.05

0.620%

2.72%

0.129

0.322

0.545%

0.419%

0.246%

1.05

0.272%

0.000

0.784%

0.007

0.756

0.387%

0.645%

0.938%

0.531

0.974

0.557%

0.426%

0.898%

0.97%

1.48%

0.998

1.04%

0.345%

4.12

1.02%

1.02%

3.65%

1.98

2.28%

N/A

2.13%

126

1.75

2.19%

Elizabeth, NJ

Los Angeles, CA

Bayonne, NJ

Elizabeth, NJ

Los Angeles, CA

Bayonne, NJ

Elizabeth, NJ

Los Angeles, CA

Bayonne, NJ

Elizabeth, NJ

Los Angeles, CA

Bayonne, NJ

Elizabeth, NJ

Los Angeles, CA

Bayonne, NJ

Elizabeth, NJ

Los Angeles, CA

[25]

[25]

[25]

[25]

[25]

[25]

[25]

[25]

[25]

[25]

[25]

[25]

[25]

[25]

[25]

[25]

[25]

ED_004983_00014261-00020



Pesticides

Chlordane 225 0.123 0.055 Blood 0.076 0.072 0.946 [30]
oxychlordane

Chlorpyrifos 1.97% 0220+ 0.112% Urinary 0.147+ 0361F 245% [30]
TCPY

Dicldrin 1.35 0.107 0.079 Blood 0.170 0.097 0.573 [30]
dieldrin

Heptachlor 3.15 0.196 0.062 Blood 0.295 0.027 0.091 [30]

heptachlor epoxide

Biomarker data only

Organic compounds

Mixed exposure to toluene, benzene, and other organic Blood 0.000 0.084 N/A Excluding [44]
compounds. Iymphocytes HFC 1993 data.
Children exposed to polycyclic aromatic hydrocarbons Urinary 0324f  0.192%  0.593% [34]
(PAH). 1-hydroxypyrene
Children exposed to environmental tobacco smoking Urinary 0.000 0.272 N/A [45]
(ETS). cotinine
Urinary 0.240 0517 2.15 [45]
NNAL + NNAL-Gluc
Pesticides
Women exposed to chlorinated hydrocarbons. Blood 2.72 0.040 0.015 [46]
DDE
Blood 0.273 0.022 0.082 [46]
PCB
Blood 0.208 0.122 0.585 Including one outlier. [46]
trans-nonachlor
Blood 0.265 0.027 0.102 Excluding one outlier§. [46]
trans-nonachlor
Persons in the Maryland area exposed to environmental Blood 0348F 0.062F 0.179F AR (1) [30]
pesticides. DDE AIC=190.1; BIC=196.9
Blood 0356 0.049F 0.140f  Compound symmetry§. [30]
DDE AIC=2094; BIC=214.0
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Blood 0.030f 0.101%  3.30% [30]

hexachlorobenzene

Blood 0.000 0.161 N/A AR (1). [30]
trans-nonachlor AIC=35.38; BIC=37.7

Blood 0.107 0.062 0.580 Compound symmetry§. [30]
trans-nonachlor AIC=445; BIC=46.3

Urinary 0.153F 0.160F  1.05% [30]
atrazine mercapturate

Urinary malathion 0.107f 0511F 477t [30]
dicarboxylic acid

Urinary 1.41 1.00 0.709 [30]

1-naphthol

Abbreviations:

DDE, 1,1-dichloro-2,2-bis(p-chlorophenylethylene; HFC, high frequency cell analysis; NNAL: 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol;
NNAL-Gluc, [4-(methylnitrosamino)-1-(3-pyridyl) but-1-yl}-beta-O-D-glucosiduronic acid; PCB, polychlorinated biphenyls;

TCPY, 3,5,6-trichloro-2-pyridinol.

*Parameters estimated using logged response data with compound symmetry as the default variance-covariance matrix. When the first-order autoregressive,
AR (1), model provides a better model fit based upon Akaike Information Criteria (AIC) and Bayesian Information Criterion (BIC), results for both are
reported, but only results for the AR (1) model will be included in the summary analysis.

+6% , estimated between-person variance component; 6% , estimated within-person variance component; £ , estimated correlation between measurements;
7, the estimated ratio of within-person to between-person variance components.

TAdjusted for a time effect.

§Excluded from the summary analysis (illustrative purposes only).
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Appendix D. Estimated variance components for air and biomarker measurements in occupational settings™®
Air measurements Biomarker measurements
Notes Ref.

Exposure agent 62t 6Lt At Biomarker 6l 6l y)

Metals

Chromium 1.49 0.797 0.536 Urinary 0.576% 0.035% 0.061% Post-shift. [35]
chromium
Urinary 0300  0.054f 0.179%  Pre-shifi§. [35]
Chromium

Chromium 1.22 0.705 0.576 Urinary 0.630F 0.040f 0.064F  Post-shift. [36]
chromium
Urinary 0.394%  0.061% 0.160%  Pre-shif§. [36]
chromium

. , i

Nickel 0.195 0572 293 Urinary 0.242f 0.243t 1.00%  Post-shift. [37]
nickel
Urinary 0.285 0.337 1.18 Pre-shift§. [37]
nickel

Nickel 0.482 0.015 0.030 Blood 0.317 0.055 0.173 Post-shift. [36]
nickel
Blood 0.266% 0.106% 0.400% Pre-shift§. [36]
nickel
Urinary 0.162f 0.018% 0.113%  Post-shifi. [36]
nickel
Urinary 0323f  0.016f 0.050f  Pre-shift§. [36]
nickel

Alkyl lead 0.161 0.719 447 Blood 0.038 0.010 0.276 [26]
lead
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Inorganic lead

Mercury

Organic compounds

Benzene

Carcinogenic PAH

Ethylene oxide

Ethylene oxide

Monoterpenes

Styrene

Styrene

Styrene

0.023

0.052%

0.502

0.216%

0.621

2.61

0.377

=

2563

0.626%

0.446

0.742%

0.577%

0.269

0.342%

0.725

16.6

487t

2.40%

N/A

N/A

0.746

2,67

0.434

1.48%

0.278

Urinary
o-aminolevulinate

Urinary
o-aminolevulinate
Urinary

lead

Urinary

lead

Blood
mercury

Breath
benzene

Blood cell DNA

adducts/10® nucleotides

Breath
ethylene oxide

Blood
ethylene oxide

Blood

N-2-hydroxyethyl-valine

Urinary
verbenol

Urinary
mandelic acid

Blood
styrene

Lymphocyte HPRT

mutation frequency x10°

Urinary
mandelic acid

Breath
styrene

0.242

0.241

0.143

0.119%

0.370%

0.000

0.000%

0.000%

0.058

0.282

0.406

0.130

0.177

0.816

0.249

0.244

0.091

0.089

0.028%

0.655%

0.112

0.618%

0.783%

0.005

0.616

0.317

0.269

0.231

0.350

0.806

1.03

1.01

0.654

0.630

0.237f

1.77%

N/A

N/A

N/At

0.080

2.19

0.908

0.663

1.77

1.98

0.989

AR (D). [26]
AIC=268.1; BIC=267.5

Compound symimetry§. [26]
AIC=282.7; BIC=282.3

AR (1). [26]
AIC=97.8; BIC=97.1

Compound symimetry§. [26]
AIC=104.7; BIC=104.3

[31]

[29]
[47]
Only post-shift data used. [32]
Mid-shift data excluded.
[32]
[48]
[20]
[20]
[33]
[33]
[33]

[24]
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Styrene oxide 0245F 0.131F  0.537% Blood 1.69% 1.48% 0.877% [24]
styrene
Blood 0.595F 1.24% 2.09% [24]
free styrene glycol
Blood 0.000F 0.796f N/ATt [24]
SO-albumin adduct (o)
Blood 0.027f 0388F 14.3% [24]
SO-albumin adduct (B)
Blood (lymphocyte) 0.000F 3.53% N/AZT [24]
SO-DNA (1)
Blood (lymphocyte) 0.102t 2.51% 24.7% [24]
SO-DNA (2)
Blood 0.000F 0269F N/A% [24]
hemoglobin adduct
Blood (lymphocyte) 0.014 0.022 1.58 [24]
sister chromatid exchange

Perchloroethylene 2.28 0.427 0.187 Breath 2.00 0.117 0.058 [49]
perchloroethylene
Biomarker data only

Occupational exposure to cthylene oxide Blood 0.000 3.10 N/A Data from routine [50]
N-2-hydroxyethyl-valine Operation used.

Occupational exposure to ethylene oxide Blood 0.225 0.118 0.524 [51]
N-2-hydroxyethyl-valine

Occupational exposure to toluene Urinary 0.231 0.207 0.900 This study is not [52]
microalbumin included in the

tatistics§.

Urinary 0117 008§  o7sp  Summarystatistics [52]
NAG
Urinary 0.071 0.055 0.770 [52]
AAP
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Abbreviations:

AAP, alanine aminopeptidase; DNA, deoxyribonucleic acid; HPRT, hypoxanthine guanine phosphoribosyl transferase; N/A, Not available; NAG, N-acetyl-
beta-D-glucosaminidase; NNAL: 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol; NNAL-Gluc, [4-(methylnitrosamino)-1-(3-pyridyl) but-1-y1]-beta-O-D-
glucosiduronic acid; PAH, polycyclic aromatic hydrocarbons; SO, Styrene oxide; SO-DNA(1), N’-(2-hydroxy-1-phenylethyD)-2'-deoxyguanosine-3,5-
biphosphate; SO-DNA (2), unidentified DNA adduct [23].

*Parameters estimated using logged response data with compound symmetry as the default variance-covariance matrix. When the first-order autoregressive,
AR (1), model provides a better model fit based upon Akaike Information Criteria (AIC) and Bayesian Information Criterion (BIC), results for both are
reported, but only results for the AR (1) model will be included in the summary analysis.

163 | the estimated between-person variance component; 6% | the estimated within-person variance component; £ , the estimated correlation between
measurements; / , the estimated ratio of within-person to between-person variance components.

TAdjusted for time effect.

§Excluded from the summary analysis (illustrative purposes only).
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Appendix E. Measurement error involving the variance ratio (ﬂ = oy, /O'é) under different covariance structures,

n measurements per subject.

True regression model.:

In E(R | #)=0,+6, . Inu, where R, is the (continuous) health outcome for the i-th person, g, is the true

but unobservable air (or biomarker) measurement for the i-th person, and &, is the parameter quantifying

the strength of the true underlying (log-log) exposure-disease relationship. Note that, on the original

0 i@’"“e ; so the relationship between E(Rl.l 1) and £ is concave upwards if

6...> 1, is concave downwards if &,,.< 1, and is linear if §,,.,= 1

Measurement error model:

Y. =In(X,)= ;/0+;/U( )+,6’+gj,where/8 N(0.07), &, :

i

N(0,0y,), {,Bl} independent of {gij} and

Cov(e,,e,)=0y py,Vj*]"

Some possible choices for p ;- are:

(1) p = p [compound symmetry, o > 0; when p =0, cov (Y,,Y,.)= o ot o);
(2) p=p 77" (first-order autoregressive, p > 0);
3) pi=exp(-¢ |t —ty]), ¢ 1s a decay constant, (exponential correlation, ¢ > 0).

n

= 1 & = 1
Let ¥, (== DY) be the surrogate measure for In 4 ; then, ¥ = — (}/O+ ¥, (Q})ﬂ[fl + 51].)
n j=1 n o]

j=1

i

_ 1 =
}/+y( )+ﬂ+g _lllﬂ+ Wherej/i(é/gzzz y(é) ln,u Yot (é;)+ﬂi>andgi:
YA =1 "

So, Y isnormally distributed with E (Y) = y,+ 7, (5 ) and with
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r_

_ | 1 )y Ow T
Var (Y) = o, +Var () = oy, + i +_ RO oy +Z oy Py =0y + —+ [1+(n—1)V],
n n

all j=5

L_

whereV =

> Py

h (n l) all j=5'

To evaluate the bias when using ¥, as a surrogate for Ing = 7, +7, ( ) + 3, we need to evaluate

| Y)=6,+ 0 ;and ¥, jointly follow a bivariate normal distribution, it

frue

Cov(lnpu .Y) ro —
—— Y -E(Y E(ln 5
+ Var (Yl) |t ( ;):| Clearly, ( /j) 7/0 + 7/ ( ) and

Cov(lnz, Y)=Var () =0, . Hence,

2

—_ O, = —_
+}/i((()j;6)+ 2 . [X_‘VO_%({;{?]
o, Ow [1+(n 1) V]

2
= 70+77l(§) + ! Y-y, - 77(5)] where 4 = O——‘;
A [1+(n-1)V] 7 Op
_ 1 = _ . g
Thus, B(R| 1)=6,+6,., 70+ 7,(§) + V-r-7(g)]=6,+6'7
¢ 1+ = [1+@m-1)V] ’
where 6, = 6, + 6, [7/0+ 7 ( 5)] 1 - and 0 = e ,
& 1+ 2 [1+(n-1) V] 1+ 2 [1+(n-1)V]
n
here A GVZV and V ! yo,
W e =
o nn-1) iz "
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Two special cases are of interest:

(1) g, =0 (compound symmetry):

£ 6 . 2
Then, V=0, so that & = t’—”;L and lim =6,
1+ i H —> 0

n

Q) p. = 1 (first-order autoregressive), p > 0:

1 o 2 n-1 # L
Then, V= p!,/—jl - o =
nn-1) a5 n(n-1) JZ; 7=t

B 2 Yo, n-1 e\ _ 2 0 L n-1 o
a1 (1—pj 2 =27~ [1—pj {(” D-2r }

_ 2 p PN S - e -2
Cn(n-1) (ij {(n D p( l-p H n (1—;0)

cand lim 6 =

n -0

0,

frue *
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